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Abstract 
This paper describes the design of an ultrahigh solar concentration device (C> 104) and shows the technical feasibility 
of using solar energy in processes requiring high temperatures with relatively simple devices. The concentration is 
effected in two stages, using in the first stage a paraboloidal reflective disc of 1.40 m. of diameter, whose focal region 
is located at CPC-3D without truncating. The ideal concentration achieved was 93 567 suns. A thermal-optical 
analysis was performed to estimate the actual concentration considering radiant energy losses in both concentration 
stages and the concentration was estimated to be 30 000 suns. Among the potential applications of this device is the 
production of hydrogen [1], power generation [2], production of alloys and special materials, destruction of 
hazardous industrial waste and the use of high energy lasers. 
© 2013 The Authors. Published by Elsevier Ltd.  
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INTRODUCTION 
The intensity of the sunlight that reaches the upper layers of the atmosphere is less than the intensity of 
light at the surface of the sun by a factor of (R/D)2, where R is the length of the radius of the Sun and D is 
the distance between it and the earth. Replacing values in the above expression yields a factor of 1/46000. 
For decades it was considered that, according to the Second Law of Thermodynamics, any device could 
concentrate sunlight on a value greater than 46000, since it was argued, that in that case it would be 
possible to construct a heat engine operating between the sun and the device at expense of a Foreign 
power. The device would then be a perpetual motion machine of the second kind. 
 
However, there is a way to get much higher concentration ratios using two concentration steps. The first  
consist of a paraboloidal mirror whose focal region is placed a second hub. In this work, this mirror is  
"compound parabolic concentrator" (CPC), made of a transparent material with a refractive index "n", 
which allows minimiz the loss of infrared radiation and convection losses by reducing the aperture size of 
the absorber [3]. Thus the upper limit of concentration n2 increases. Winston et al. [4] reached a ratio of 
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.o g/licenses/by-nc-nd/3.0/).
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concentration of 84 000 exceeding by 15% the brightness of the sun's surface. In order to reach a high 
thermal equilibrium temperature, it is necessary that the region where the radiation is concentrated be 
small. This device may be used in a very wide range of applications such as hydrogen production, lasers, 
destruction of hazardous industrial waste, and degradation of highly polluting materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 SOLAR CONCENTRATION RATIO 
The concentration ratio can be classified into optical concentration ratio and geometric concentration 
ratio. The most common definition of geometric concentration ratio, C, is used herein, which is the ratio 
between the opening area and the area of the receiver, 
r
a
A
AC   (1) 
This concentration ratio has an upper limit that depends on the geometry of the manifold. According to 
[5], the maximum concentration value that can be obtained is that of a perfect hub, where Qs-r is the 
fraction of radiation intercepted by the opening area of the concentrator: 
 
(2) 
 
For a perfect receiver, Qr-s represents the fraction of radiation emitted: 
 
 (3) 
NOMENCLATURE 
A1  Parabolic dish area 
A2 CPC frontal area 
A3 CPC posterior area 
Cp Specific heat of glass (0.84 kJ/kgK) 
G Radiation per unit area 
Go Intensity of the incident radiation 
I Radiant flux intensity at the point of interest 
m CPC-3D mass ( 41.50 g) 
n Refractive index of the radiation target 
PA Absorption losses 
Pabs Power absorbed 
PD Losses due to surface imperfections in the CPC-3D 
PE Mirror losses 
Pin Input power through A2. 
PR Reflection losses due to glass thickness 
Prb Energy reflected back 
Re(i) reflected energy before leaving for A3 
T transformation temperature of the glass Pyrex (549°C) 
Ta Ambient temperature 
Tr Receiver temperature 
Ts Sun temperature 
Tt Work temperature 
V CPC-3D volume (16.8017 cm3) 
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In general Tr ≤ Ts, according to the Second Law of Thermodynamics; therefore, the lower limit of  Tr can 
be defined as; Tr = Ts and Qr-s = Qs-r. Combining the above equations, we have that the maximum 
concentration value for a concentrator is (see Figure 1). 
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Fig. 1. Solar Concentration Ratio. 
 
The geometric concentration ratio defined above is a measure of the average actual concentration of solar 
flux considered uniformly distributed over the area of the receiver´s opening. Real hubs do not produce 
uniform flow, but a complex series of high and low flow rates distributed around the receiver´s aperture 
area. Generally, the highest flow is in the center of the profile of the receiver, and it decreases toward the 
ends. The flow concentration at a specific point is defined in terms of the optical concentration ratio, CR, 
which is defined as the ratio between the incident flux at a point and the aperture area, i.e. 
nbI
ICR
,
   (5) 
2 DESIGN OF THE ULTRA-SOLAR CONCENTRATOR 
The solar concentration is considered high when the ratio of this parameter exceeds the value of 10 000 
suns. The laws of thermodynamics impose a theoretical limit to the solar concentration that is possible on 
Earth, which is given by the following equation: 
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The ideal geometric concentration for a two-stage concentrate disc and CPC, disregarding the first 
shading by CPC and reflection losses, is given by the equation 7, which is also graphically presented in 
Figure 2. 
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In equation 7, the first factor correspond to the concentration of the second disc and the CPC, Tr is the 
disk rim angle and Ts is the half angle subtended by the sun. For a given Ts, C is a function of Tr, which 
can be optimized by the usual procedures (figures 2a and 2b). Figure 2a shows that the curve is 
symmetrical and that the theoretical maximum concentration value is C = 11 300 suns for Tr = 45°. 
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Fig.2 a) C vs. θr for the parabolic dish , b) C vs Tr for the DISC-CPC-3D, [6] 
 
The optimal value of Tr found at a reflectance M = 0.8 is 18° (see Figure 2b). This is the edge angle that 
was used in the prototype parabolic disc. Figure 2b shows the plot of the concentration (given by equation 
7) for a two- stages concentrator. It is observed that the maximum concentration is close to 100 000 suns 
at a reflectance M = 1 and this corresponds to a rim angle Tr slightly below 10°. 
 
First concentration stage (parabolic dish). 
The parabolic mirror is a truncated portion of a paraboloid which is described in a coordinate system x, y, 
z, in which "z" is the axis of symmetry of the parabolic dish and "f" is the focal length. The ratio of the 
focal length to the diameter of the paraboloid, f/d, defines the mirror´s shape and the relative location of 
the focus. The shape of the mirror can be described by rim angle (Tr), which is the angle between a 
segment of a paraboloid rim to its focus, and the axis thereof. The paraboloids for solar applications in 
general have rim angles ranging from 10° to 90°. 
 
The f/d ratio and the rim angle (Tr) are related by the following equation: 
 
)2/tan(4
1/
rim
df T  (8) 
 
A paraboloid with a small rim angle has a very small curvature, and the focal point and the receiver will 
be removed from the surface of the concentrator The geometric profile of the parabolic dish mirror, and 
the distance between it and its focus, according to the concentration ratio to be obtained, is show in Fig. 3. 
The known parameters are: Tr = 0.0465 rad = 2.6642° (rim angle); R = 0.7 m (mirror radius); C = 30 000 
(target concentration); M = 0.80 (reflectance); l = 2.264 m;  α = 108°;  E = 71.74°;  Ts = 2.66425°. 
 
According to Figure 3: 
 
apr  
7.0tanT                                                                       (9) 
 
 
 With a concentration value of 80 000 and a reflectance of 0.80, and based on Figure 2a, the value of the 
rim angle Tr  is 18°. 
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Fig. 3.  Side view of the solar collector with two concentration stages. 
 
                        
Second concentration stage (CPC-3D) 
A secondary hub in front of the opening of the receiver can be used to increase the fraction captured 
without increasing the size of the receiver aperture or reducing the aperture diameter for a given radiation 
fraction. The secondary concentrator generally improves the operation of a parabolic concentrator. 
Adding a secondary concentrator can reduce the negative effects of one or all optical errors. A secondary 
hub, should be located in a region of high flux density, and therefore should have high values of 
reflectance and a cooling system perfectly designed. 
 
This kind of concentrator is able to reflect all incident radiation at the receiver, that is the opening the 
CPC within the acceptance angle, so that the scattered radiation in the same range will also be useful 
within the manifold. 
 
The CPC consists of two parabolic segments symmetrically arranged around an axis; the focus of each 
parabola is located at the end of the absorber surface coinciding with an opposite parabola. The angle 
between the axis of the CPC and the line connecting the focus of the parabolas of the opening side is the 
half angle of acceptance, Tc. If the reflector is perfect, then the incident radiation at angles close to Tc, will 
be reflected to the hub receiving base (see Figure 3). 
 
Concentrators of this type have a concentration ratio as a function of the acceptance angle, Tc. The 
concentration ratio for an ideal three-dimensional system is given by the following expression: 
 
 
(10) 
 
 
The idea of using a CPC as the second concentration stage was due to the excellent optical characteristics, 
and high optical efficiency of this system. The following procedure is used for dimensioning the CPC-3D 
(see Figure 3): The values of r1 and r2, are calculated using the sine law, and r1 = 1.0108 cm. By Snell's 
law, n1 and n2 (refractive indices) are 1 to 1.5 for air and glass, respectively, and T2 = 11.88°.  
 
The concentration ratio of a CPC-3D is given by following equations: 
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In which A1 and A2 are the respective areas of the front and rear surface of the CPC. The r2 = 0.2227 cm 
is obtained. 
The CPC-3D equation is given by equation 12 [7].  
 
0743.1/)1(2/ 22 xsensxy   T                       (12) 
 
The ultra-high prototype solar concentrator consists of a disk with a diameter of 1.40 paraboloidal focal 
length of 2.1543 m and an ideal concentration CDISC # 3965.3, whose focal point is located at one-3D 
CPC with diameters D1 = 2.0216 cm and D2 = 0.4454 cm, at a half angle of acceptance of 11.88° and an 
ideal concentration CCCP # 23.6 suns, so that the total concentration of the collector is: 
 
 (13) 
 
3 ANALYSIS OF THERMAL-OPTICAL ULTRA-CONCENTRATOR 
The efficiency of the ultrahigh solar-concentration device depends basically on the accuracy achieved in 
the geometry of both stages of concentration, since the most significant losses are optical losses. This may 
be due primarily to manufacturing defects of materials used and the accuracy in the profiles of both 
concentrators. 
 
Thermal losses as conduction and convection are not considered because they do not significantly affect 
the efficiency of the device, while the heat transfer by radiation plays a major role and therefore the 
analysis is performed considering the reflection, refraction and absorption for the first and second stage 
solar concentrator. 
 
Optical losses in the first concentration stage. 
Because the 3D CPC-system is not a perfect optical system due to of its efficiency as said Koshel [8], the 
optical losses of both the first and the second concentration stages were analyzed. We estimated the 
amount of energy reflected from the first concentration stage to the second stage of concentration versus 
mirror reflectivity (U), and estimated the percentage |radiation losses due to physical defects of the mirror 
surface.  
 
Go depending of the standard value of solar energy emitted per area unit. Analyzing from (1) to (2) see 
figure 3, the amount of energy collected and reflected by the mirror towards its focal zone according to its 
reflectivity and losses due to physical imperfections of the mirror is: 4.1231112   UGAG  W.  Because of 
the surface imperfections estimated to be 7% of losses on the energy reflected by the mirror. 
2.1145)07.01(5.123112   G  W. 
 
Not all the energy reflected from the first concentration step A1 will pass through the CPC-3D, because 
some percentage of the radiation will be reflected back to the thickness of the glass, which is 6 cm. For 
this case, and based on this thickness was estimated to 8% in losses, for the optical quality of the glass 
(see figure 4). 
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Fig. 4. Losses according to glass thickness [9] 
 
The amount of radiant energy passing through A1 is: 
6.1053)08.01(11452951   AG  W 
 
Optical Losses in the second stage of concentration 
Reflection losses: Losses due to reflection at the second stage of concentration (CPC-3D) were calculated 
according to the analysis established by Yehezkel [10]. 
 
 
Fig. 5. Reflection losses in the CPC-3D 
 
The total losses due to reflection with respect to the input power are given by equation 14 in which 
 is obtained from Figure 6, it has, 
 ^ ` inrbiinT PPiPP /))Re(1( ¦ U  
 
(14) 
 
 
 
Fig. 6. Internal reflections in the CPC-3D as a function of rim angle θr. [10] 
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Table 1. Internal reflection 
 
Energy lost Value 
due to reflection  
due to 2 reflections  
due to 3 reflections  
due to 4 reflections  
total energy lost due to "i" reflections 
 
reflected energy losses due to return  
 
 
Substituting values in equation 14:  PT # 0.296028 # 30% 
 
Therefore the total losses due to reflection at the second concentration stage are approximately 30%, 
therefore  the  amount  of  energy  which  will  exit  a  3D – CPC  only considering  reflection losses is 
G23 = 737 569 W. 
 
Losses by absorption: The absorptivity of the glass causes a fairly significant loss of energy with respect 
to the input power; therefore, it is necessary to calculate the percentage of energy absorbed by the 
material using Beer–Lambert´s law: 
xeGG P 0  (15)  
Substituting values in equation 15, G = 514 58 W. Hence the amount of energy absorbed (Pabs) is 222.98 
W, which represents approximately 30% of the incident energy, which is within the average values for 
thermal systems. 
 
Losses caused by imperfections in the periphery of the CPC-3D: Finally, the losses caused by 
imperfections in the internal surface of the CPC-3D are considered. These imperfections are due to the 
microscopic surface finishes. These losses represent approximately 5% of total losses (see Figure 6). The 
intensity of energy obtained in the back of the CPC-3D is: GF = 488 851 W 
 
In summary; GInitial = 1231.50 W;   GFinal = 488.85 W;   Gloss = 742.64 W (60% Ginicial) 
 
Analysis concentration in both steps: The total concentration considering both concentration steps is 
given by the following equation: 
^ `)1()1()1()1()1()()( 33 EDARTDCPCparDCPCparTotal PPPPPCCLossesCCC  ¦   (16) 
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Substituting the values Ts = 0.267° and  Tr = 18° it has: Cpar = 3965.314 suns;   CCPC-3D = 23.207 suns 
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Substituting these values into equation 16 CTotal = 36 651.10 suns. Comparing this value with the ideal 
concentration value (excluding losses): Cideal = 92 023.042 suns 
 
It has to device efficiency is approximately   
 
4 ANALYSIS OF RADIATION IN THE SECOND STAGE OF CONCENTRATION 
The transmittance, reflectance and absorptance are functions of the incident radiation, the thickness, 
refractive index and extinction coefficient of the material. Generally, the refractive index "n" and the 
extinction coefficient "K", are functions of the wavelength of radiation, but for a material such as glass 
can be considered as independent of wavelength. 
 
Electromagnetic theory predicts monochromatic reflectance in the specular direction of polished surface 
that are physically and chemically clean. The radiant energy incident or emanates from a specular surface 
can be decomposed into two polarization components: one parallel and one perpendicular to this plane, 
and the specular reflectance for each component is defined as the ratio between the reflected radiation and 
the incident radiation. 
Once established the reflected radiation has two components, it is continued with the description of the 
equations for the second concentration step, in order to calculate reflectance, absorptance and 
transmittance values of CPC-3D. 
 
 
 
Equations 19 represent the orthogonal component, the parallel component and  the reflected radiation as a 
function of these two components, but can also be seen in terms of the index refraction. [11] 
 
Absorption of radiation partially transparent medium is described by Bouguer law, which is based on the 
consideration that the radiation absorbed is proportional to the local intensity in the medium and the 
distance through which travels a particular environment. Such consideration can be seen from the 
equation 20 (Duffie, 2006). 
 
2cosTW KLa e  (20) 
Where the subscript "a" indicates that only have taken into consideration the absorption losses, K is a 
proportionality constant called extinction coefficient and is assumed as a constant in the solar spectrum 
and L is the total length over which travel in a particular environment. For glass the value of K varies 
approximately 4m-1 to 32m-1 depending on the purity of the glass, that value is 6m-1 for the case of proposed 
glass and T2 is the angle of refraction within the CPC (11.88°). 
 
The transmittance, reflectance and absorptance can be calculated in terms of the components of the 
reflected radiation and the absorption loss according to the following equations [11]: 
 
 
 
 (21) 
 
To calculate orthogonal components of transmittance, reflectance and absorptance, the same equations are 
used, but instead of replacing the parallel component of the reflected radiation, the orthogonal component 
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is replaced, and in order to know the total values of these properties, the average values are obtained by 
considering the parallel and orthogonal components each as follows: 
 
Reflected radiation, using equations 19,  with T1 = 18° and T2 = 11.88° it has: The values for the CPC-3D 
are as follows: W = 0.6606 (transmittance);  U = 0.05883 (reflectance);  D = 0.2933 (absortance). 
 
The maximum time interval during which it may be exposed CPC-3D to sunlight without it being affected 
by the heat obtained from:  Q = (0.84 kJ/kgK)(0.04150 kg)(753 K) = 26.25 kJ ; 't = Q/Pabs = 26 254.8 
J/222.8 W = 117.74 s. The maximum time which may be exposed 3D-CPC-solar radiation without this 
being affected in its physical properties is approximately 2 minutes. 
 
CONCLUSIONS 
 
The ultra-high concentration of solar radiation is technically feasible, but it is limited by commercial 
materials currently available. If materials with improved optical, thermal and mechanical properties are 
used in this work, the thermal efficiency of ultra-high solar radiation devices could be improved. 
 
Several research groups around the world have worked on the solar concentration devices from different 
points of view, in the case of this work a simple and workable design construction has been achieved and 
proposed. The main application of the newly designed device is focused on the degradation of plastic 
materials used in everyday products. 
 
It is crucial to demonstrate in practice the feasibility of the device proposed this paper, through the 
construction of a prototype with special materials that can withstand the conditions of concentrated solar 
radiation and high temperature values for longer periods than those calculated. This is the current focus of 
ongoing research in our group.  
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